Abstract
Introduction
Ž . The ground-state potential energy hyper surface Ž . PES of water has traditionally been a testing ground for the myriad theoretical approaches for computing Ž . ro vibrational eigenstates, resulting in a large num-Ž . ber of publications on local anharmonic force field Ž . w x and semi global surfaces 1-6 . The most recent studies, based partially on state-of-the-art ab initio w x approaches 1,3,4,6,7 , resulted in PESs of unusually high accuracy. The best surfaces interpolate and to some extent extrapolate excellently. These studies have also shown that even small physical effects, readily neglected during most ab initio constructions w x of PESs, such as relativistic phenomena 3,4 and w x non-Born-Oppenheimer terms 1 , may produce changes on the order of a few cm y1 for the rovibrational eigenstates of water.
The ground electronic state PES of hydrogen sulphide, H S, the congener of H O, has also re- 2 2 w ceived considerable attention during the 1990's 8-x 18 . This interest is due to drastically increased spectroscopic capabilities for detecting higher-lying stretching and bending states of H S and of its 2 w x isotopomers 15 , to subsequent questions of normal mode vs. local mode character of vibrational overw x tones 16 , to publicity over the four-fold clustering w x effects of high-J rotational lines 10 , and to the important role the H S molecule plays in the physics 2 and chemistry of the interstellar medium and the atmospheres of planets and cool stars. Recently, two w x of us have been engaged 17 in the determination of a ground-state PES and dipole-moment surface Ž . DMS for H S comparable in accuracy to those of water. This Letter reports on the first results of this concerted study, which are of special relevance to the precise determination of the barrier to linearity on the ground-state PES of H S. 2 The available semiglobal analytical representations of the ground-state PES of H S contain some 2 extrapolation into regions of no or limited experimental data, such as the region around linearity. Table 1 summarizes geometric parameters of the bent and linear forms of H S and barriers to linearity 2 available from the literature, which can be contrasted to our own high-level theoretical data generated during the course of this study. As expected, and con-Ž . firmed at all levels of theory applied, r S-H in the linear form of H S is shorter than the equilibrium 2 Ž . r S-H bond distance. Nevertheless, all published PESs for H S lack this feature; thus, they are inade-2 quate for predicting higher-lying bending states. Sizy1 w x able differences, ranging from 18 792 cm 8 to y1 w x 31 326 cm 11 , between values calculated from Ž . empirical and semi theoretical PESs can be observed for the barrier to linearity. Furthermore, as Table 1 and Fig. 1 demonstrate, farther away from equilibrium the different PES representations behave rather differently, and the otherwise high-quality surw x faces due to Polyansky, Jensen and Tennyson 8 Ž . henceforth PJT and Senekowitsch, Carter, Zilch, w x Ž Werner, Handy and Rosmus 13 henceforth . SCZWHR show unphysical behavior as the HSH bond angle approaches small values. These problems and the fact that the barrier to linearity was shown to w x have a significant effect 3,4 on the calculation of even low-lying bending states of water, calls for a careful, state-of-the-art ab initio quantum chemical investigation of the barrier to linearity of H S. Rela-2 tive energy predictions based on electronic structure w x calculations can have an accuracy 19 perhaps two orders of magnitude better than the spread in the aforementioned estimates for the barrier. Therefore, one goal of this study is to approach this ab initio limit as closely as technically possible. At the same time these calculations provide excellent guidelines concerning the level of theory needed for a converged ab initio representation of the lower-energy w x region of the ground-state PES of H S 17 .
2
In order to arrive at the ab initio quantum chemical limit for energy differences such as the barrier to linearity of H S, a systematic layout must be made 
Ž
. See text for description of basis sets and levels of theory. Under 'Level' the empirical and semi theoretical PESs are referenced by the initials of the authors of the corresponding paper. '_all' stands for an all-electron calculation, while '_FC' stands for a frozen-core calculation. of the dual basis set and electron correlation convergence, including physically motivated extrapolations Ž . to the complete basis set CBS and full configura-Ž . w x tion interaction FCI asymptotes 19 . The best ab initio predictions include corrections for core correlation and special relativity, as well as the diagonal Ž . Born-Oppenheimer correction DBOC . For the problem of the H S barrier, the present study pushes 2 the application of sophisticated ab initio methodologies to new heights. Obviously, the ab initio calculations result directly in estimates of the electronic Ž . vibrationless barrier height. These values can directly be compared to the best empirical and Ž . semitheoretical semi global PESs, which are also complete-dimensional, vibrationless surfaces.
Theoretical methods
The electronic structure computations reported in this paper have been performed with the ACES II Reference electronic wave functions have been determined by the single-configuration restricted Ž . w x Hartree-Fock RHF method 26 . Dynamical electron correlation was accounted for by standard methw x ods 26 of electronic structure theory: Møller-Ples-Ž . set MP perturbation theory from second through Ž . Ž . fifth order MP2-MP5 , the coupled cluster CC Ž . method including all single and double CCSD and Ž . triple excitations CCSDT , and configuration inter-Ž . Ž action CI computations CISD, CISDT, CISDTQ, . Ž. CISDTQP, CISDTQPH and FCI . The CCSD T method, which estimates the effect of connected triple excitations through a perturbative term, was Ž . employed extensively. The Brueckner doubles BD method with perturbational estimates for both conw Ž .x nected triple and quadruple excitations BD TQ was also employed. Extrapolation of the MPn series, w x resulting in MP`, was performed via shifted 2,1 Pade approximants when fifth-order energies weré Table 2 Valence focal-point analysis of the inversion barrier of hydrogen sulphide Ž . 320 548 825 cc-pV TrD Z , 379 564 739 aug-cc-pVDZ and 28 085 271 cc-pVTZ determinants appropriately. For the cc-pVDZ basis set the difference between the FCI and CISDTQPH barriers is y0.1 cm y1 . For all basis sets this increment has been used to arrive at the FCI limit.
( )available. In valence-only correlated-level calcula-Ž . tions designated as 1s2s2p , the 1s, 2s and 2p core orbitals of S were kept doubly occupied, while in the so-called 1s calculations only the 1s core orbitals were kept doubly occupied. No virtual molecular orbitals were frozen in any of the correlation treatments.
The basis sets chosen for the calculations include Ž . w the correlation-consistent aug -cc-pVX Z X s Ž . Ž . Ž . x 2 D , 3 T , 4 Q , 5, 6 families of basis sets developed w x by Dunning and co-workers 27,28 . Basis sets dew x signed to describe the core region adequately 7 , Ž . denoted as aug -cc-pCVX Z for first-row atoms w x w x 27,28 , are not available for sulphur from Ref. 28 . To construct such basis sets, we completely uncontracted the aug-cc-pVX Z basis sets for H and S and then augmented the sulphur sets with tight Ä 4 Ä 4 2d, 2d 2f, 2d 2f 2g sets for X s D, T, Q , appropriately, whose exponents were obtained by even-tempered extension into the core with a geometric ratio 
The entire valence ab initio analysis of the barrier to linearity is laid out in Table 2 . One can gauge the effect of using fixed geometries in the valence focal-point scheme by comparing the aug-cc-pVTZ Ž . CCSD T _FC barriers given in Tables 1 and 2 , since Ž . in Table 1 the barrier column 5 refers to optimized reference structures, while in Table 2 all barriers have been obtained at fixed all-electron aug-cc-pVQZ Ž . CCSD T geometries. The difference between the two barriers is only 1.2 cm y1 , providing clear support for fixing the reference structures during the focal-point analysis. a For each basis set the total number of contracted Gaussian functions is given in parentheses. 'all' refers to the difference between a Ž . Ž frozen-core 1s, 2s and 2p on S and an all-electron calculation, while '1s' refers to the difference between a frozen-core 1s, 2s and 2p on . Ž . S and a frozen 1s on S calculation. Auxiliary corrections to the barrier height due to core correlation, relativistic effects and the DBOC term are collected in Tables 3-5 .
( )

Valence ab initio limits w x
Data for the valence focal-point analysis 19 of the barrier to linearity of H S are collected in Table   2 2. Three n-particle series have been investigated: Ž . coupled-cluster theory CC; Series I , Møller-Plesset Ž . perturbation theory MP; Series II , and configura-Ž . tion interaction theory CI; Series III . The most balanced treatments are afforded by CC wave functions. The data obtained reveal the following about the barrier to linearity of H S and its ab initio 2 determination:
Ž . 1 As observed repeatedly for relative energy w x changes on a single PES 19 , upon enlargement of the one-particle basis set the most dramatic changes appear at the RHF and especially the MP2 levels. Augmentation of the basis with diffuse or core polarization functions has no substantial effect past MP2 Ž . double excitation . Nevertheless, as observed re-Ž w x. peatedly see, e.g., Ref. . RHF and to a much lesser extent at the MP2 level. For example, the RHF barrier changes more than 300 cm y1 by inclusion of a single d-function into the aug-cc-pVTZ basis. The improved result is less than 100 cm y1 from the inferred RHF limit, a typical w x result observed for first-row elements 19 . Inclusion of a q2d1f inner polarization set improves the RHF energetic results further, especially for X s 3.
Ž . Ž . w x 6 The minuscule d CCSDT increments in Table  Ž . 2 testify that performance of the CCSD T method, which approximates perturbatively the energy contributions of connected triple excitations, is excellent compared to the full CCSDT treatment.
Ž . Ž 7 The FCI and high-order CI results Series III . Ž. w Ž .x of Table 2 reveal that a d BD TQ approximates excellently the effect of quadruple excitation in CC Ž . theory; b the extrapolated CC barriers are considerably more dependable than the MP`barrier heights; for example, using the aug-cc-pVDZ basis the extrapolated CC barrier agrees with the FCI result within 2 cm y1 but MP`is off by 44 cm y1 . Extrapolation of RHF and correlation energies to Ž . the complete basis set CBS limit has been achieved 
Core correlation
The results for the contribution of core correlation to the barrier to linearity of H S are collected in 2 Table 3 . Two sets of numbers have been obtained at each level of theory: in the 1s case the sulphur 1s core electrons have been kept frozen during the correlation treatment, while the 1s2s2p case refers to the difference between the all-electron and the traditional frozen-core calculation keeping the 1s, 2s and 2p orbitals of sulphur doubly occupied.
It is clear from Table 3 that, unlike in the case of Ž . first-row molecular prototypes studied e.g., water w x 19 , the core correlation contribution to the barrier to linearity is small. In fact, it has a much smaller effect on the barrier height than the core polarization effect, discussed above. The core correlation correction is rather sensitive to the level of theory applied for its calculation. In particular, MP2, with all basis sets studied, provides a correction which is much exaggerated. It is also notable that the 1s and 1s2s2p numbers differ very little, suggesting that differential core correlation of the 1s electrons of sulphur is small. The best estimate of the core correlation correction to the barrier to linearity of H S is y8 2 y1 Ž . cm , obtained at the aug-CVQZ CCSD T level.
Relativistic effects
In this study, relativistic corrections to the electronic energy have been gauged by the lowest order Ž . of the direct perturbation theory DPT approach w x developed by Kutzelnigg 34, 35 . For atoms lighter w x than argon, the DPT approach has been proved 35 to provide at least 99% of the relativistic energy correction even at its lowest order. Furthermore, the lowest-order DPT correction can be decomposed into Ž . Ž . the widely utilized mass-velocity MV , Darwin D Ž . and spin-orbit SO terms plus a correction term Ž . w x DDPT due to basis set incompleteness 35 . In this study the one-electron MVD and the two-electron Ž . Darwin D2 terms have been calculated by a slight w x modification of the DIRCCR12-95 package 24 folw x lowing the recipe of Ref. 36 . The DPT approach has been incorporated into the ab initio package w x DALTON 25 .
The relativistic results obtained at the RHF, MP2, Ž . CCSD and CCSD T levels of theory using several basis sets are given in Table 4 . A few aspects of these data warrant comment:
Ž . Ž .
3 The D2 correction term, which depends on the minuscule probability of two electrons being at the same point in space, is small, only y0.03 E . This h two-electron contribution is virtually identical in the ( )linear and bent structures, making its effect on the Ž y1 . barrier almost negligible 5 cm . Nevertheless, its magnitude is comparable to the electron correlation Ž y1 . contribution to the relativistic effect 10 cm .
Ž . 4 The overall relativistic shift on the barrier is not particularly sensitive to the level of theory, all reasonable results reported in Table 4 lie between 200 and 240 cm y1 . Our computations also show that the RHF shift, as expected, is affected substantially by the addition of core polarization and correlation Ž functions to the basis set aug-cc-pVTZ RHF vs.
. aug-CVTZ RHF . Additional extension of the aug-CVTZ basis with qd or q2d1f sets, on the other hand, has no effect on the relativistic correction to the barrier.
Ž . 5 Basis set convergence of the DDPT term is fast once high-exponent functions, those describing the core region effectively, are included in the basis set. A large DDPT term suggests an inadequate one-electron basis.
Ž . 6 Neither the D2 nor the DDPT terms are important for the dependable prediction of the relativistic contribution to the barrier.
Our final prediction based on data taken from Table 4 is that relativistic effects increase the inversion barrier of H S by about q230 cm y1 . Table 5 . Standard and built-in basis sets for HF calculations, including DZP, TZ2P and TZ2Pf have been employed during computation of the DBOC correction. In some cases these basis sets have been augmented to include diffuse functions, indicated by q in Table 5 . As expected, the DBOC corrections for the bent and linear forms of H 32 S are relatively large, about 6 m E . Nevertheless, the DBOC corrections at the h two reference structures have about the same magnitude; the net effect on the barrier to linearity of H 32 S changes only between q19 and q32 cm y1 . 2 No clear convergence of the results is seen in Table  5 ; therefore, we take q27 cm y1 as the best estimate of the DBOC correction, the result obtained at the TZ2Pfq RHF level.
Net vibrationless barrier
In conclusion, our final prediction for the vibra- 
